The skin is the largest human organ, functioning to serve as the protective barrier to the harsh, outside world. 16 Recent studies have revealed that large numbers of somatic mutations accumulate, which can be used to infer 17 normal human skin cell dynamics 1-6 . Here we present the first realistic mechanistic epidermal model, that uses 18 the 'Gattaca' method to incorporate cell-genomes, that shows homeostasis imposes a characteristic log-linear 19 subclone size distribution for both neutral and driver mutations, where the largest skin subclones are the oldest 20 subclones. Because homeostasis inherently limits proliferation and therefore clonal sweeps, selection for driver 21 mutations (NOTCH1 and TP53) in normal epidermis is instead conferred by greater persistence, which leads 22 to larger subclone sizes. These results reveal how driver mutations may persist and expand in normal epidermis 23 while highlighting how the integration of mechanistic modeling with genomic data provides novel insights into 24 evolutionary cell dynamics of normal human homeostatic tissues. 25 Recent studies have documented that substantial numbers of mutations accumulate in normal human tissues, with 26 evidence for selection of canonical, oncogenic driver mutations 2-7 . Typically, selection for these driver mutations is 27 modeled by increased cell proliferation; however, requirements of skin homeostasis imposes spatial constraints that 28 inherently limit selective sweeps. Because these mutations do not appear to disrupt homeostasis, these mutations can 29 also provide important new information on normal human tissue dynamics, which are typically studied with 30 experimental fate markers in animal systems. 31 Although substantial numbers of mutations accumulate with age, and a quarter of all cells carry driver mutations 2 , 32 skin thickness and mitotic activity do not significantly change. A controversy currently exists between our 33 understanding of mutation selection and neutral evolution within tissues 1,2,8,9 , in part because our understanding of 34 how a mutant clone is able to expand within normal tissue is completely lacking. Furthermore, most mutations are 35 passengers and skin subclone size/frequency distributions are consistent with neutral evolution or the absence of 36 detectable selection. There is strong evidence of selection by driver mutations (NOTCH and TP53) manifested by 37 dN/dS ratios and their generally larger subclone sizes in normal skin 2 . Varying exposures to sunlight between 38 2 individuals also complicates our understanding of mutation accumulation. The challenge is to develop a model that 38 integrates selection, neutral evolution, and sunlight. The reward would be a realistic model of lifelong human skin cell 39 dynamics. 40 In the scope of the epidermis, first principles dictate a constant cell number through equal loss and replacement of 41 cells, a constant tissue height, and constant stem cell numbers. Using these principles, we built a three-dimensional 42 mechanistic model of the human epidermis using HAL 10 , a comprehensive cell based modeling framework allowing 43 users to focus on the development of model specific functionalities. We use this model to infer how both neutral and 44 driver mutations accumulate and exhibit clonal expansions without disrupting homeostasis (Figure 1). We based our 45 model on a simplified version of the vSkin model 11 which is capable of wound repair, and uses EGF as a key diffusible 46 stromal growth factor to define a stochastic stem niche within the basal layer and determine keratinocyte birth/death 47 127 Author Contributions: 136 ROS, DS and ARAA conceived the question and model design. ROS wrote the model, performed analysis of model 137 outputs, and wrote the manuscript with critical comments and inputs from SL, ARAA, and DS. EK and RRB assisted 138 with editing the manuscript and model design. JW assisted with manuscript edits and select data visualizations. All
( Figure 1 and Figure S1 ). In response to this EGF we parameterize the model to a progenitor loss/replacement rate of 48 0.51 week -1 1 . 49 In a model where stem behavior is a niche driven phenomenon, the target loss/replacement rate in a 1mm 2 area 50 with one in three cells being self-renewing becomes 0.1683 week -1 overall (basal cell density of 10,000 cells). Meaning 51 that any cell within the basal layer possesses an equal probability of assuming a self-renewing role during a given time 52 step. Within this system transient cell divisions propagate superficially in response to the remaining EGF diffusible. 53 However, these transient divisions contribute minimally to the overall loss/replacement in the system, where 39.8 ± (Flowchart) . Spatial structure of the three-dimensional (3D) model and an EGF gradient governs the loss/replacement in the stem cell niche at the basal layer. The model is entangled with DNA sequence data by the Gattaca step, where base-pair mutations can be introduced with every in-silico cell division. These mutations act as cell fate markers and different sub clones are represented by different cell colors. Therefore, cells in the simulated skin produce a patchwork of different sized sub clones, where each colored population differs by at least one mutation.
0.85% occurs within the basal layer and diminishes rapidly within each layer approaching the stratum cornea (Figure 55 S1B). Overall population size (mean cell number of ≈ 120,000 within a simulated 1mm 2 biopsy) is balanced by death 56 where the top layers of the epidermis transition into the stratum cornea due to low EGF concentrations. 57 To assess clonal expansions and mutational data for comparison with patient data we developed the 'Gattaca 58 method' (see Methods for full details), where 72 specific genes, tracked at base pair resolution, with gene specific 59 mutation rates are imbedded within each keratinocyte, accurately capturing the mutation distribution consistent with 60 UV exposure ( Figure 1B) . Gattaca stands for the four DNA bases, GATC, and reflects that individual base changes 61 can be used as intrinsic cell fate markers that can be interrogated by DNA sequencing of human cells. This method, is the cumulative clonal area frequencies of all patient biopsies (blue) and randomly chosen simulations for each of the patient specific biopsies such that the number of simulations chosen is equal across the three simulated sizes and the sum of the number of biopsies equals that of the total biopsies for the patient (red). The inset figure shows the log-10 transformed first incomplete moment for the same random sampling of patient comparable simulations for PD20399 (error bars denote standard deviation for 100 repeated samplings Incomplete Moment distribution (FIM). We fail to reject the null hypothesis, that the distribution of clone sizes are 70 from different distributions, for the vast majority of our simulation versus patient biopsy comparisons, but are able to 71 reject the null for a select few comparisons ( Figure 2B ). However, for all patient biopsies at least one of the patient 72 specific simulations fails to reject the null hypothesis. In a homeostatic epidermis, most subclones rife with non-73 functional (i.e. neutral) mutations are small, recent, and destined for extinction due to random stem cell niche turnover 74 (Figures 2A, 2B , and 3E). Persistent, older subclones are rarer and larger ( Figure 3D ). Hence, the observed log-linear 75 subclone mutation size distributions ( Figure 2B ) are an emergent property of the homeostatic constraints of normal 76 human skin. These results reveal that it is highly improbable that a mutation is capable of expanding larger than any 77 other, given homeostasis. Age-related clonal size dependencies exist even for advantageous driver mutations in the homeostatic system ( Figures 3D-E ). This implicates the constraints of the homeostatic tissue architecture as the 80 primary factor in defining the age-related exponential size dependency. 81 Previously, NOTCH1 and TP53 mutations were observed to have larger subclone sizes relative to neutral 82 mutations 2 , indicating positive selection. To better define this selection within the context of homeostasis, we 83 simulated increases in the ability of NOTCH1 mutant subclones to displace neighboring cells, which leads to clonal 84 distributions consistent with positive selection ( Figure 3E ). However, the requirement to maintain homeostasis 85 indicates this mechanism comes with a cost (Figures 3 and 4) . The stronger the advantage, the greater the loss of . This is consistent with the observation that patient NOTCH1 mutations are smaller but more frequent than 89 observed TP53 mutations 2,3 . Instead, similar to the neutral mutations, the largest NOTCH1 subclones are the oldest 90 NOTCH1 mutations. Although driver mutations can only confer small selective advantages without disrupting 91 homeostasis, even small persistence advantages expressed at earlier patient ages pays dividends and inherently leads 92 to larger and more frequent NOTCH1 subclones in adult skin (relative to neutral mutations).
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TP53 mutations protect against cell death and require sunlight for selection because TP53 subclones are smaller 94 in non-sun exposed skin 13 . Normal sun-exposed skin does not exist because the extent of sun exposure varies 95 massively between patients. Here we incorporate this important environmental variability through "sun days", where Figure 3B ). This mechanism, unlike NOTCH1, renders young TP53 capable of rapid expansion as the 98 skin is exposed to more sun days ( Figure 3E ). However, similar to NOTCH1, simulated TP53 subclonal expansions 99 are also constrained by homeostasis, which is disrupted by too much UV exposure leading to a loss in tissue density. 100 When we shed light on these functional differences of NOTCH1 and TP53 existing within the same simulated 101 biopsy, the observed patient data is further understood (Figures 4 and 5 ). The key variable in tissue homeostasis and 102 clonal expansions is sun exposure. In the absence of sunlight, TP53 mutations are subject to drift, along with all other 103 mutations. Consistent with patient data we see more frequent occurrences of NOTCH1 mutations at smaller sizes 104 across a range of fitness values. In this same tissue TP53 mutations occur less often but are able to expand to a larger 105 area upon sun exposure, even when they arise later, thereby shifting the age-dependent distribution to a more recent 106 point in time. In rare occurrences we see passenger mutations carried to larger clonal areas, but they are largely 107 relegated to the lowest frequencies ( Figure 4 ). As with NOTCH1 and TP53 in isolation, we see that in a tissue where 108 both exist, homeostasis constrains these clones from expanding. However, entirely unexpected, we see that with the Here we have constructed a homeostatic, three-dimensional, hybrid cellular automaton (3D-HCA) to mechanistically 162 model the human epidermis using the HAL framework 10 . We based our model on a simplified version of the vSkin 163 model we previously developed 11 to investigate the clonal dynamics of keratinocyte populations ( Figure S1 ). In this 164 simpler model, while we model keratinocyte dynamics, we do not explicitly consider melanocytes and stromal cells 165 (not in the epidermis) but rather, a single diffusible growth factor acting to define the stem niche on the basal layer. 166 We chose EGF, as a key growth factor, to determine keratinocyte birth/death ( Figure S1 and Supplementary 167 Information Table S1 ) governs the cells ability to move 212 into that empty space so that when a randomly selected number d { from (0,1) is greater than z, then the cell moves 213 into that empty position (i.e., if d { (∈ f(0,1)) ≥ z, the cell will move into a randomly selected empty 214 neighborhood, s (R,S,T) t ).
Cells divide based on the underlying EGF concentrations (g }q~kl UC P V = [;] P ), where is the proliferation scale 216 factor (Table S1) Each cell agent contains a base pair resolution of 72 genes with genomic positional information constructed from the 233 reference hg19 genome using ANNOVAR 15 . Each gene has a gene specific mutation rate such that the mean mutation 234 rate (ã å ) is normalized to ≈ 3.2 × 10 äé èê äp ëàíàìàîï äp (likely a conservative estimate, but normal somatic mutation 235 rates can vary wildly [16] [17] [18] [19] ). Mutations within the rest of the genome are tracked with less resolution. While a random 236 base within any given position can be tracked, these mutations are not of particular interest here, but can be used in 237 statistical analysis and model-data comparisons. However, due to substantial computational requirements to track 238 such large amounts of information for each cell this method is employed sparingly and not in all model simulations. 239 This method allows for a more realistic mutation accrual, since a genome wide mutation rate would be biologically Patient data was previously procured and exhaustively characterized 2 . However, the data is filtered to remove patient 295 biopsies present in multiple biopsies as this may prove problematic in its interpretation, as previously noted 1 . The 296 clonal area is taken as the product of the biopsy size (mm 2 ) and twice the variant allele frequency. This curated dataset 297 provides the necessary information to perform direct comparisons with simulation data. However, here 2 q utilizes a higher resolution approach given the higher quality sequence data that is used for (Figure 2A) . The TP53 mutant cells are subject to the same dynamics aside from this reprieve from death induced by 359 UV damage. We determined the parameters to use for the sun damage day set, defined by the number of days and the 360 spacing of those days throughout the year, and θ Ø by approximating our 3D-HCA using an ODE that models 361 keratinocyte population dynamics in a space limited condition. 362 Sun exposure varies within the lifetime of each individual. We assume that a baseline UV exposure is taken into 363 account for the parameterization of the model, encompassing the empirically derived turnover (birth/death) of cells 364 within the basal layer. Thus, it is necessary to have a method of UV damage and subsequent TP53 mutant advantaged 365 clones without a direct increase in proliferation rates. The number of sun damage days within a given year defines the 366 sun day set (S) and can take on a number of values depending on how those sun damage days are spaced throughout 367 the year. 368 There are 365 possible sun damage days a year. It is unlikely that an individual would be subjected to all of these sun 369 days, but there is a high degree of variability between individuals. In order to assess a range of values for the number 370 of sun days within a given year, the spacing of those days, and the proportion of cells damaged by UV damage on 371 each of those sun days we employ an ordinary differential equation (9) . This approach takes a complex model, reduces 372 its complexity, and spatial dynamics necessary to evaluate clonal dynamics in order to assess UV damage on the 373 spatial model. We ignore the necessary information that can only be gained from a functionally heterogeneous spatial 374 context in order to determine and implement three additional parameters to then incorporate into the spatial model The set of sun days, ∂ = {F, F ∈ ℤ, F ≤ 365} because ∂ ⊂ b (the total days in a year), where UV damage occurs depends 394 on the number of days chosen to repeat each year and the spacing of those days. We see that at realistic values for 4 5 395 the ODE model is able to approximate our spatial simulations well, while a larger set of sun days and higher 4 5 result 396 in complete, or nearly complete, loss of tissue ( Figure S2 ). In addition, the spatial model (3D-HCA) follows a logistic 397 growth after a delayed period. This delayed period is exacerbated by higher values of 4 5 and/or by less spacing in the 398 number of sun days. This is the result of cells settling upon large death, creating a sparse tissue (in the absence of a 399 TP53 mutant), the cells settle, partially, towards the basal layer prior to re-establishing homeostasis ( Figure S2 ). 400 Here we assess a range of values for 4 5 and sun day sets, ∂. The number of sun days varies for each individual as does 401 the number of spacings between sun exposure days. We attempt to address both of these variables with regard to 402 homeostasis. We assessed a number of sun days throughout the year (7, 20, and 100) and the spacing of those sun 403 days (1 day to evenly spaced throughout the year). We can see that the fewer the number of sun days the least amount 404 of tissue is lost ( Figures S2 and S3) . Likewise, the more spaced out these sun days are the closer to homeostasis the 405 tissue remains ( Figure S3 ). This is true for both the ODE and spatial models. Table S1. Model Parameters. Parameters are separated into the cellular automata parameters and those belonging to the diffusible, Epidermal Growth Factor (EGF).
Figure S2. Logistic growth model is able to capture spatial dynamics to aid in evaluating TP53 sun days and dynamics. Here we define various sun day spacings, S, and the proportion of cells killed during sun days, θ s . Black line in each plot shows the ODE logistic growth model and the colored lines are for the spatial model (Methods). The first three plots on the left show severe and infrequent or, simply frequent perturbations. Whereas, for the right three plots, we see less severe perturbations through parameter combinations. C. Figure S3 . TP53 parameter evaluation using a space limited ordinary differential equation (ODE).
Evaluation of the number of sun days and θ s values using the ODE model. In (A) we see the homeostatic measure d H as a response to sun day spacing and θ s repeating yearly. For each black point with a green border the population sizes over time is given for the ODE (B) and the spatial 3D-HCA model (C). For (B) and (C) the colored lines are colored for where they fall within (A). (D) shows the same information, but for different numbers of sun days. The available spacing of these sun days for (A) and (D) differ due to how many days are available to space the sun days throughout the year.
